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ABSTRACT 

The feasibility of using both a conventional 
determination technique with the L-1 gravity field and 
Osculating Lunar Elements Program (OLEP) to provide ephemeris 
data for the subsatellite experiment has been studied. 
ation of Doppler residuals and of dispersions in latitude, 
longitude, and altitude are presented. 

Evalu- 

orbit 
the 

. I 

Within the limits of the data used in this study, 
both techniques satisfy the 3a  accuracy requirements. 
Analysis shows that most L-1 solutions are not possible 
without a precise a 

fewer potential problems, and uses less computer time. 

riori knowledge of the orbit plane. 
Comparison indicates -+ t at OLEP provides more accuracy, has 
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1.0 INTRODUCTION 

The subsatellite experiments planned for Apollo 16 
and 18 require support in the form of ephemeris data at 10- 
minute intervals during the time of operation. Tracking by 
MSFN/DSN will be limited to one front side pass per day, with 
two station coverage planned for twice a week and single 
station coverage for the remainder. Such a short tracking 
interval and lack of optimum station geometry pose special 
problems for orbit determination and prediction techniques. 

Solutions obtained from a conventional orbit deter- 
mination program using the L-1 lunar gravity field and from 
the Osculating Lunar Elements Program [ 2 1  (OLEP) under conditions 
comparable to those described above are investigated. Evalua- 
tions are made in terms of the Doppler range difference residuals 
and of position deviations in spherical coordinates. 

2.0 DATA PROCESSING 

Two processing modes are available to generate sub- 
satellite ephemeris information for a one day interval. First, 
a fit can be obtained from one pass of tracking data and predic- 
tions made until the next pass a day later. Second, a fit can 
be obtained from two passes, a day apart, and interpolations 
made for the time in between. Since a second tracking station 
will be used twice a week, the effect of this additional infor- 
mation must also be considered for both modes. 

Orbit determinations were performed using Apollo 11 
tracking data from lunar orbit front side passes 16 and 25 (post- 
DOI) to approximate a one day interval for the subsatellite. 
(This is the longest available period of multi-tracking station, 
minimum thrusting data.) The table below lists the fit results 
from both orbit determination techniques. 
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Number of 
Passes 

1 

1 

2 

2 

2 

Number of 
S t a t i o n s  

2 . 1  L - 1  P rocess ins  

L-1  
S o l u t i o n  

Converged on ly  wi th  
cons t r a ined  p l a n e  

Converged 

Converged only  wi th  
cons t r a ined  p l a n e  

Converged only  wi th  
cons t r a i n e d  p l ane  

Converged on ly  wi th  
cons t r a i n e d  p l a n e  

OLEP 
S o l u t i o n  

* 
NA 

* 
NA 

Converged 
only w i t h  
cons t r a i n e d  
i n c l i n a t i o n  

Converged 

Converged 

F i t  and p r e d i c t i o n  Doppler r e s i d u a l s  from t h e  con- 
verged L - 1  s o l u t i o n s  are shown i n  F igu res  1 and 2 .  I n  t h e  
one pass/one s t a t i o n  case convergence could on ly  be a t t a i n e d  
when t h e  out-of-plane parameters  w e r e  cons t r a ined  t o  good 
i n i t i a l  va lues .  Even though t h e  s o l u t i o n  converged, t h e  l a r g e  
r e s i d u a l  growth i n  t h e  p r e d i c t i o n  r e g i o n  makes t h i s  case unusable.  
The data from an a d d i t i o n a l  s t a t i o n  p rov ides  t h e  only  s i x  deg ree  of 
freedom s o l u t i o n  a t t a i n a b l e  using t h e  L - 1  f i e l d .  

The two pass  process ing  r e s u l t s  (F igure  2 )  show s o m e  
improvement over  t h e  one pass  case, wi th  a l o w e r  peak-to-peak 
ampl i tude  i n  t h e  r e s i d u a l s  and a smaller mean. Convergence 
could  n o t  be ob ta ined  wi thout  e l i m i n a t i n g  t h e  out-of-plane 
parameters  from t h e  s o l u t i o n  set .  

An a t t empt  w a s  made t o  o b t a i n  a t w o  pas s  s o l u t i o n  from 
an i n i t i a l  s t a t e  w i t h  a s l i g h t l y  i n c o r r e c t  p lane .  The cons t r a ined  
p l a n e  technique  w a s  used s i n c e  no t w o  p.ass s o l u t i o n s  have been 
a t t a i n e d  wi thout  it. I t  w a s  found t h a t  c o n s t r a i n i n g  t h e  p lane  
t o  a n  o f f s e t  v a l u e  p roh ib i t ed  convergence. 

* 
S i n g l e  pas s  p rocess ing  using t h e  OLEP t echnique  produces 

a s o l u t i o n  wi th  poor p r e d i c t i o n  q u a l i t i e s .  
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2.2 OLEP Processing 

F i t  and p r e d i c t i o n  c h a r a c t e r i s t i c s  of t h e  converged 
OLEP s o l u t i o n s  are shown i n  t h e  r e s i d u a l s  i n  F igu re  3 .  Two 
cases are considered:  one i n  which t h e r e  are t h r e e  t r a c k i n g  
s t a t i o n s ,  t w o  i n  t h e  i n i t i a l  p a s s  and one i n  t h e  f i n a l  pas s ,  
and one i n  which there are two t r a c k i n g  s t a t i o n s ,  one pe r  pass .  
T h e  t h r e e  s t a t i o n  s o l u t i o n  w a s  ob ta ined  w i t h  t h e  fo l lowing  
parameter set: 

sl' e co e c l '  e 
" 0 '  

where t h e  low-eccen t r i c i ty  o r b i t a l  e lements  (ates = e s i n  w ,  

e = e cos u t  I, n, m = M + w )  have been used,  wi th  a t y p i c a l  
e lement  be ing  r ep resen ted  as  

C 

n ( t )  = no + nlt 

The i n c l i n a t i o n  rate parameter I w a s  excluded from the  s o l u t i o n  1 
set  because it became h igh ly  c o r r e l a t e d  w i t h  o t h e r  parameters .  
The r e s i d u a l s  from t h r e e  s t a t i o n  p rocess ing  have a reasonably  
s m a l l  peak-to-peak ampli tude and d i s p l a y  only a s l i g h t  growth 
from f i t  t o  p r e d i c t i o n  reg ions .  

An a t tempt  t o  inc lude  t h e  i n c l i n a t i o n  parameter Io 

i n  t h e  s o l u t i o n  set  f o r  two s t a t i o n  process ing  r e s u l t e d  i n  
d ivergence .  When t h e  i n c l i n a t i o n  w a s  cons t r a ined  t o  i t s  i n i t i a l  
v a l u e ,  convergence w a s  achieved. The r e s i d u a l s  i n  t h e  predic-  
t i o n  r e g i o n  do n o t  d i f f e r  apprec iab ly  from those  obta ined  from 
t h e  t h r e e  s t a t i o n  s o l u t i o n s .  Unlike t h e  case of t h e  L-1 
p rocess ing ,  a converged s o l u t i o n  w a s  a l so  obta ined  from an 
i n i t i a l  s t a t e  w i t h  an o f f s e t  va lue  of t h e  o r b i t a l  i n c l i n a t i o n .  

3.0 NAVIGATION ANALYSIS 

The s o l u t i o n s  presented  i n  t h e  prev ious  s e c t i o n  w e r e  
analyzed f o r  nav iga t ion  performance by comparing them wi th  local 
s o l u t i o n s .  L-1 s o l u t i o n s  were compared wi th  L-1  RTCC s i n g l e  
pas s  s o l u t i o n s .  OLEP s o l u t i o n s  ob ta ined  from p rocess ing  t w o  
consecu t ive  pas ses  of d a t a  formed t h e  b a s i s  of comparison f o r  t h e  
OLEP s o l u t i o n s  p re sen ted  i n  t h i s  s tudy.  D i f f e rences  i n  seleno-  
g r a p h i c  long i tude ,  l a t i t u d e ,  and a l t i t u d e  were formed i n  order 
t o  ana lyze  t h e  p r e d i c t i o n  q u a l i t y  of each s o l u t i o n .  
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3 . 1  L - 1  Comparisons 

L a t i t u d e ,  l ong i tude ,  and a t i t u d e  d i f f e r e n c e s  f o r  t h e  
L-1  s o l u t i o n s  are presented  i n  F igu res  4a-C.  The one pass  
s o l u t i o n  (F igure  4a) g i v e s  growing d e v i a t i o n s  i n  long i tude  and 
a l t i t u d e ,  a r e f l e c t i o n  of d i f f e r e n c e s  i n  in-plane parameters .  
The dec reas ing  l a t i t u d e  d i s p e r s i o n s  r e s u l t  from having a poor 
local  s o l u t i o n  a t  t h e  beginning of t h e  comparison i n t e r v a l .  
The t r a c k i n g  s t a t i o n s  a v a i l a b l e  f o r  pas s  1 6  w e r e  n o t  s u f f i c i e n t l y  
s e p a r a t e d  i n  t h e  north-south d i r e c t i o n  t o  provide  d i s t i n c t l y  
d i f f e r e n t  in format ion ,  p a r t i c u l a r l y  about  t h e  o r b i t a l  p lane .  
This  bad s t a t i o n  geometry r e s u l t e d  i n  an overabundance of 
e s s e n t i a l l y  redundant  d a t a  which co r rup ted  t h e  s o l u t i o n .  I t  
i s  f e l t  t h a t  t h e  two s t a t i o n  s o l u t i o n  p resen ted  h e r e  i s  more 
r e p r e s e n t a t i v e  of t h e  t r u e  p lane  than  t h e  l o c a l  (RTCC) s o l u t i o n  
s i n c e  t h e  t w o  s t a t i o n  s o l u t i o n  does n o t  i n c l u d e  so much redundant 
d a t a .  

The t w o  pas s  d e v i a t i o n s  (F igures  4b and 4c) show a 
The decreased  s l i g h t  improvement over  t h e  one p a s s  r e s u l t s .  

a l t i t u d e  d i f f e r e n c e s  a t  t h e  c e n t e r  of t h e  i n t e r v a l  i n d i c a t e  
t h a t  t h e  t w o  pas s  s o l u t i o n  ob ta ined  good mean va lues  of t h e  
s e m i - m a j o r  axis  and e c c e n t r i c i t y .  I t  can be seen t h a t  a second 
s t a t i o n  i n  t h e  f i rs t  pass  (F igure  4 c )  makes no rea l  d i f f e r e n c e  
i n  t h e  r e s u l t s .  I n  a l l  cases t h e  l a t i t u d e  (out-of-plane) d i s -  
p e r s i o n s  are t h e  l a r g e s t .  

3.2 OLEP Comparisons 

Devia t ions  i n  l a t i t u d e ,  l ong i tude ,  and a l t i t u d e  f o r  
OLEP s o l u t i o n s  are shown i n  F igures  5a-b. The r e s u l t s  of t h e  
s o l u t i o n  i n  which t h e r e  w e r e  t w o  t r a c k i n g  s t a t i o n s  i n  t h e  
i n i t i a l  pas s  (F igure  5a )  show cons i s t ency  i n  t h a t  t h e r e  i s  some 
growth i n  a l l  t h r e e  coord ina te s  through t h e  i n t e r v a l .  A s  i n  t h e  
L-1 comparisons, t h e  l a t i t u d e  d i s p e r s i o n s  have t h e  l a r g e s t  
magnitude. A s o l u t i o n  w a s  a l s o  made i n  which t h e  d a t a  i n  t h e  
f i n a l  pas s  w a s  weighted t w i c e  a s  heav i ly  as t h e  d a t a  i n  t h e  
i n i t i a l  pas s .  The r e s u l t i n g  d i s p e r s i o n s  w e r e  unchanged from 
t h o s e  i n  which equa l  weight ing w a s  employed. The c o n s t r a i n e d  
i n c l i n a t i o n  s o l u t i o n  (F igure  5b) posses ses  p r e d i c t i o n  c h a r a c t e r -  
i s t i c s  t h a t  are e s s e n t i a l l y  t h e  same as t h o s e  f o r  t h e  uncons t ra ined  
case p resen ted  above. 

3.3' Discuss ion  of Reauirements 

The r e q u i r e d  3a accurac i e s  f o r  t h e  s u b s a t e l l i t e  
ephemeris are t2-7 n a u t i c a l  m i l e s  ( 1 6 , 4 2 0  f e e t )  i n  a l t i t u d e  
and t8.7 n a u t i c a l  m i l e s  i n  l a t i t u d e  and long i tude .  The arc 
e q u i v a l e n t  of 8.7 m i l e s  i s  0.5 degrees .  A l l  of t h e  s o l u t i o n s  
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presen ted  i n  t h i s  s e c t i o n  f a l l  w e l l  w i t h i n  t h e s e  bounds, w i t h  
t h e  in-p lane  OLEP d i s p e r s i o n s  an o rde r  of magnitude smaller 
than  t h e  L-1 d i s p e r s i o n s  and t h e  out-of-plane d i s p e r s i o n s  
t h e  same s i z e .  

4 . 0  DISCUSSION 

The planned t r a c k i n g  coverage f o r  a g iven  week 
be r ep resen ted  i n  t e r m s  of s t a t i o n s  p e r  day as 

The t h r e e  day span of one s t a t i o n  coverage i s  a p o t e n t i a l  
of problems f o r  bo th  process ing  methods. 

of 

can 

source  

A l l  L-1 r e s u l t s  ob ta ined  t h u s  f a r  i n d i c a t e  t h a t  on ly  a 
t w o  s t a t i o n / o n e  pass  s o l u t i o n  can be ob ta ined  i n  an  uncons t ra ined  
p l ane  mode. For days having one s t a t i o n  coverage t h e r e  are t w o  
a l t e rna t ives .  The t w o  s t a t i o n / o n e  pass  s o l u t i o n  w i l l  have t o  be 
propagated through t h e  i n t e r v a l  t o  provide  a l l  t h e  ephemeris 
in format ion ,  o r  t h e  p l ane  from t h e  two s t a t i o n / o n e  pass  s o l u t i o n  
w i l l  have t o  be a c c u r a t e  enough t o  be  used f o r  t w o  pas s  c o n s t r a i n e d  
p l ane  s o l u t i o n s .  Lack of a s u f f i c i e n t l y  long  span of t r a c k i n g  
d a t a  prec ludes  s tudying  t h e  e f f i c a c y  of e i t h e r  approach. 

S ince  OLEP cannot  be used i n  a s i n g l e  pas s  mode, it 
must r e l y  on t w o  and t h r e e  pass  process ing .  During t h e  span 
of one s t a t i o n  coverage t h e  ephemer i s  can be ob ta ined  by predic-  
t i o n s  made from a t w o  pass  s o l u t i o n .  The q u e s t i o n  of whether 
three pass  s o l u t i o n s  w i l l  converge cannot  be  answered a t  t h i s  
t i m e ,  b u t  on t h e  s t r e n g t h  of t h e  low ampli tude of t h e  two pass  
r e s i d u a l s  it i s  f e l t  t h a t  t h r e e  pas s  p rocess ing  i s  f e a s i b l e .  

The f a c t o r  t h a t  d i s t i n g u i s h e s  m o s t  c l e a r l y  between 
t h e  t w o  p rocess ing  methods i s  dependence on p l a n a r  knowledge. 
The dependence of t h e  L - 1  s o l u t i o n s  on a good o r b i t a l  p lane  
imposes a d e f i n i t e  l i m i t a t i o n  on t h e i r  u se fu lness .  
on t h e  o t h e r  hand, does n o t  need a c c u r a t e  p l ane  informat ion  
f o r  convergence. 
exp la ined  by t h e  f ac t  t h a t  i t s  p l ane  c o n s t r a i n i n g  can be 
conf ined  t o  t h e  i n c l i n a t i o n  parameter,  whereas t h e  conven- 
t i o n a l  technique must c o n s t r a i n  both  t h e  i n c l i n a t i o n  and 
t h e  l o n g i t u d e  of t h e  ascending node. 

OLEP, 

P a r t  of t h e  improvement f o r  OLEP can be 
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The number of i t e r a t i o n s  necessary  t o  a t t a i n  con- 
vergence and t h e  amount of computer t i m e  involved v a r i e d  widely 
among t h e  v a r i o u s  converged s o l u t i o n s .  OLEP two p a s s  p rocess ing  
converged a f t e r  f o u r  i t e r a t i o n s  and 1.5 minutes of computer 
t i m e .  L-1 one p a s s  process ing  took s i x  i t e r a t i o n s  and 2 . 5  
minutes ,  w h i l e  two pass  r e s u l t s  r e q u i r e d  1 2  i t e r a t i o n s  and 13.5 
minutes .  

5.0 CONCLUSIONS 

For  t h e  d a t a  i n t e r v a l  cons idered  i n  t h i s  s tudy ,  bo th  
OLEP and t h e  convent iona l  o r b i t  de t e rmina t ion  technique  y i e l d  
s o l u t i o n s  t h a t  are a c c u r a t e  enough t o  provide ephemeris i n f o r -  
mat ion f o r  t h e  s u b s a t e l l i t e .  Devia t ions  i n  l a t i t u d e ,  l ong i tude ,  
and a l t i t u d e  are sma l l e r  t h a n  the  3u accuracy requirements .  The 
OLEP approach i s  p r e f e r a b l e  f o r  two reasons .  F i r s t ,  t h e  heavy 
dependence of t h e  convent iona l  technique  on an a c c u r a t e  p l a n e  
makes it more s u s c e p t i b l e  t o  poor s o l u t i o n s  o r  d ivergence .  
Second, t h e  computer t i m e  involved wi th  OLEP s o l u t i o n s  i s  
s i g n i f i c a n t l y  lower than  t h a t  f o r  s t anda rd  s o l u t i o n s .  

2014-AJF-b~b MVB Ferr a r  i A. 

Attachments 
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